THE classical notions upon the flexion reflex, whether elicited by cutaneous stimulation (Sherrington, 1910) or afferents from flexor muscles (Eccles and Lundberg, 1959) , derive from the study of animal physiology. These studies have provided the foundation for some twenty years of experimental work upon the nature of the human reflex response to nociceptive cutaneous stimulation (Eklund et al, 1959; Kugelberg el al, 1960; Dimitrijevic and Nathan, 1970, 1971; Shahani, 1970) . Despite these efforts, however, several points remain obscure.
In man, a variety of reflex discharges are seen in the physiological flexor muscles (dorsiflexors of the foot and toes) and in the physiological extensor muscles (plantar flexor of the toes). A relationship between the site of cutaneous stimulation and the resulting motor response has been demonstrated, first in spinal and decerebrate cats (Hagbarth, 1952) , then in man (Hagbarth, 1960; Kugelberg et al, 1960) , and this relationship suggests an explanation of the reflex organization. It seems that the cutaneous reflexes of the lower limb function in such a way as to withdraw the organism from nociceptive stimulation (Kugelberg, 1962) .
Using a classical electrophysiological technique, Hugon (1967 Hugon ( , 1969 showed that the electrical stimulation of the sural nerve at the ankle elicited, in normal human subjects, polysynaptic responses in the femoral biceps muscles. These reflex patterns had the classical characteristics of segmental polysynaptic reflexes (Bathien and Hugon, 1964; Hugon and Bathien, 1967) .
It seemed to us that a study of the organization of reflex responses, as a function of stimulation of cutaneous nerves in different conditions, might shed light on the nature of the reflex mechanism. To this end, we .have tried to make a comparative study using electromyographic analysis of reflex patterns in normal subjects and in patients with spastic hemiplegia.
In the work, reflexes are evoked by various intensities of electrical stimulation of the sural nerve. In normal subjects the polysynaptic extensor reflex (plantar flexion reflex) is obtained by a painless shock whereas the Sherrington type flexion reflex needs a stronger stimulation. In hemiplegic subjects, the flexion reflex is easily obtained because of facilitated recruitment within the extensors of the foot and large toe (dorsiflexors), but the extension reflex itself remains unaltered. An explanation of the mechanism of the Babinski sign is proposed: the dorsiflexion of the big toe is interpreted as a contraction of the dorsiflexors of the toes belonging to the facilitated flexion reflex.
METHOD
The study involved 10 normal subjects and 30 patients with a spastic hemiplegia. The normal subjects were selected from the laboratory staff and range from 25 to 40 years of age. None had any evidence of neurological disorder. Fifteen of the patients had an unequivocal Babinski sign. The remaining 15 had either hemiplegia, moderate flaccid paralysis with hypertonicity and brisk tendon reflexes.
The external saphenous nerve (sural nerve) was stimulated at three-second intervals by means of two electrodes placed on the skin surface at the level of the external retromalleolar groove. The negative electrode was placed 1 cm posterior to the external malleolus at the level of its inferior border. The positive electrode was placed 3 cm anterior to the negative electrode. Stimulation was produced by bursts of 8 shocks delivered within 1 ms and separated by a gap of 2 ms. This technique was used because it was more comfortable for the subject: threshold intensities for a single shock technique are higher and produce a lancinating pain in the ankle-joint. Stimulus intensity was measured by a standard laboratory instrument (Tektronix type 134).
Recordings were taken from bipolar surface electrodes. Proper localization was confirmed by recordings of voluntary contractions and by stimulation via the recording electrodes. The study involved the principal flexor muscles of the lower limb: long extensor of the big toe (EHL), tibialis anterior (TA), short head of the femoral biceps (Bi), short flexor of the big toe (FHB), and the soleus (Sol).
The. electromyographic potentials were recorded through a conventional system of amplifiers for oscilloscopic projection. The tracings were then photographed and recorded magnetically for processing in a signal analyser (SAIP/ART 1000).
RESULTS
The technique for the evaluation of polysynaptic reflexes in the human lower limb proposed by Hugon (1967) permits the selective stimulation of either group II or group III cutaneous fibres of the sural nerve. In his study, tactile stimulation (group II cutaneous fibres) was simulated by repetitive electric shock whereas nociceptive stimulation, felt as a needle-sharp pain, was produced by a single shock. For the comfort of the subject, we have preferred to deliver all stimuli as bursts of 1 ms shocks, every 3 seconds, over a 20 ms application period. Pain fibres were recruited by an increase in stimulus intensity (amperage).
(
1) Extensor Reflexes Elicited by Tactile Stimulation of the Sural Nerve
Our concern here is with the muscles of the toes. In Sherrington's classification (1910) , based on the participation of flexion reflexes in walking, dorsiflexion of the foot is the result of the contraction of muscles such as the long extensor of the large toe (EHL) and the tibialis anterior (Ta) while plantar flexion is produced by contraction of muscles such as the short flexor of the big toe (FHB) and the soleus muscle (Sol). Among the plantar flexors, however, only the FHB, because of its accessibility under our experimental conditions, is studied here. electromyographic activity in the FHB ( fig. lc) . This response has a latency of 60-65 ms and lasts 40 ms. Stimulation of the tibial nerve at the popliteal fossa, by a single low-intensity shock, evokes a simple form response of 40 ms latency in this same muscle. Stronger stimulation produces a more rapid response due to direct stimulation of motor fibres. This pattern of response is similar to that occurring in the Sol during the Hoffmann reflex and has been observed by Magladery et al. (1950) . These results favour a monosynaptic mechanism for the FHB response to stimulation of the nerve and indicate that the FHB response at 60 ms latency, evoked by electrostimulation of fast cutaneous fibres, may be considered as polysynaptic.
Curve A, fig. 2 , shows the excitatory effect of sural tactile fibres on the extensor muscles. Weak sural stimulation facilitates the monosynaptic response in FHB. The facilitation curve shows the latency to be 10-20 ms with the maximum response occurring at 80-100 ms. Sural tactile fibres have the same effect on the Hoffmann and Achilles' tendon reflex. Curves demonstrating the latter have been traced by Hugon and Bathien (1967) . They show that this excitatory effect is pleurisegmental and can be explained without the intermediation of y-motoneurons. monosynaptic pathway whereas those from group II cutaneous afferents reach the motoneurons via interneurons.
(2) Flexion Reflexes Elicited by Stimulation of the Sural Nerve
The flexor muscles studied here are the short head of the femoral biceps (Bi), tibialis anterior (TA), and the long extensor of the big toe (EHL). The tracings in fig. 3 represent the reflex patterns elicited in these muscles by stimulation of the sural nerve at two different levels of intensity. Weak painless stimulation (8 ma) elicits a response of 55 ms latency in Bi. No response was recorded in any of the other muscles despite 100 consecutive trials. When the intensity was increased to painful levels (10 ma), two responses are observed in Bi: one of high amplitude at 50 ms and a second, of lower amplitude, at 110 ms. Recordings from TA and EHL now reveal a single response corresponding to the early response seen in Bi. This response is more obvious in TA.
The two types of discharges recorded from the flexors are due to the excitation, respectively, of groups II and III cutaneous fibres (Kugelberg, 1962; Grimby, 1963a; Hugon and Bathien, 1967; Hugon, 1967) . The same results are obtained from the 10 normal subjects. They show the excitatory effects which cutaneous fibres have on the lower limb flexors, and indicate that facilitation of a polysynaptic reflex in man can result in the recruitment of flexor responses in other segments of the lower limb.
(3) Pyramidal Syndrome: Alterations in Extensor and Flexor Reflexes Elicited by
Sural Nerve Stimulation We begin by comparing reflex patterns elicited by sural nerve stimulation in the normal and affected limb of 6 hemiplegic patients. Fig. 4 is typical of the results obtained. The organization of reflex discharges in the normal limb, recorded from FHB, Bi, TA and EHL following sural stimulation at the ankle (10 ma), is comparable to that observed in the 10 normal subjects. An early response (60 ms latency) is recorded in FHB due to stimulation of tactile fibres. An early response is also observed in the flexors Bi and TA. A second, late response, due to stimulation of pain fibres, is seen in Bi, but the organization of the response is different in the 25 BRAIN-VOL. XCV affected limb. Stimulation of the sural nerve (6 ma) evokes a response in FHB and an early response in Bi. Much polysynaptic activity, composed of an early and late response, is seen in TA and EHL. Making allowance for the difference in stimulation intensity used during the comparison (10 ma, 6 ma), the results indicate that cutaneous stimulation, especially painful stimulation, facilitates flexion reflexes (fig. 4) . In Table I we compare the threshold stimulation needed for each of the three extensor muscles studied (Bi, TA, EHL). The threshold for the 10 normal subjects and the normal limb of the 6 hemiplegic patients show no significant differences. In hemiplegic patients, the facilitation of reflexes in the affected limb is shown by a diminution of the reflex threshold in TA and EHL, both relative to normal thresholds and relative to the Bi threshold in the same limb. 
Pathological conditions Muscles
Normal Ss Normal side Hemiplegic side Biceps 7-0±ll mA 7-5±l-2 mA 7-6±l-2 mA Tibialis anterior ll-7±2-lmA 12-0±l-2mA 3-5±O-7 mA Extensor hallucis longus 12-O±l-8 mA 12-0±M mA 3-7±0-8 mA Table II is constructed using the decrease of the TA response threshold as an index of the facilitation of the polysynaptic reflex. Stimulus intensities evoking Bi responses do not evoke reflex discharges in TA of normal subjects. The same stimulus intensity, however, can produce reflex responses in both Bi and TA of all hemiplegic patients whether or not the Babinski sign was present. Thus, it is mainly the cutaneous flexion reflexes which are altered in hemiplegia. The facilitation of the flexion reflex results in a different organization of muscle recruitment. The lowered threshold for TA response to sural stimulation constitutes an accurate and easily elicited sign of pyramidal damage. In summary, repetitive stimulation of the sural nerve at the ankle evokes two different types of reflex response in normal subjects: an extensor response following non-nociceptive stimulation and a flexor response following nociceptive stimulation. With pyramidal damage the flexor response becomes facilitated whilst the extensor response remains unchanged.
DISCUSSION
The results of this work permit the discussion of two important points: the existence of a polysynaptic extensor reflex of cutaneous origin and the alteration of flexion and extensor reflexes associated with pyramidal damage. (a) The existence of an extensor reflex elicited by cutaneous stimulation has been long established in animal physiology. Sherrington's "extensor thrust" was the first demonstration of a polysynaptic extension reflex. Ipsilateral extension reflexes have been observed in spinal animals by Sherrington and Sowton (1911) , Brown (1911 Brown ( , 1912 , Brown and Sherrington (1912) . More recently, while studying the organization of cutaneous receptor fields, Hagbarth (1952) showed that extensor muscles are inhibited by impulses from all surfaces of the lower limb except the surface covering the muscle itself; impulses from the latter being excitatory for the underlying muscles. The first EPSP recordings from physiological extensor muscles of the toes responding to plantar stimulation was done by Engberg (1963 Engberg ( , 1964 . These motoneurons receive primarily inhibitory impulses by way of groups II and III muscle afferents and by way of articular and cutaneous afferents with elevated thresholds.
Many authors have demonstrated extensor responses evoked by cutaneous stimulation (Kugelberg et al., 1960; Hagbarth, 1960; Grimby, 19636) . The results of the present work confirm these findings and allow us to define the mechanisms more precisely. Our results show that extensor reflexes are evoked by electrostimulation of cutaneous tactile fibres, the latter being excitatory for extensor and flexor motoneurons of the lower limbs.
(b) The second aspect of our study deals with the pyramidal control of cutaneous polysynaptic reflexes. Certain difficulties arise when results derived from human subjects are compared with those of animal physiology. All experimentation in man assumes a "central state of excitation" and any discharge recorded in the muscles is taken to represent an integrated summation of all impinging stimuli. In monkeys and chimpanzees, section of the pyramidal bulbs results in a flaccid paralysis with the Babinski sign (Tower, 1940) . The spontaneous activity of cortical pyramidal cells, as recorded by Evarts (1968) , is the neurophysiological basis for tonic pyramidal inhibition. Pyramidal stimulation produces a double influence at the segmental level in cats: a post-synaptic facilitation of spinal reflex interneurons (Lundberg and Voorhoeve, 1962 ) and a presynaptic inhibition of afferent neurons (Carpenter, Lundberg and Norrsell, 1963) . Tonic pyramidal control of somaesthetic afferents was demonstrated by Wiesendanger and Tarnecki (1966) who noted that evoked potentials in somassthetic areas SI and SII, in the cat, exhibited and increased potential and a decreased latency following section of the pyramidal bulbs. On the other hand, stimulation of the sensorimotor cortex has an excitatory effect on the motoneurons of the plantar muscles (Engberg, 1964) .
On animals, then, the pyramidal tracts exert an inhibitory effect on polysynaptic flexion reflexes and an excitatory effect on polysynaptic extension reflexes.
Experimental findings in hemiplegic patients emphasize the facilitation of polysynaptic flexion reflexes. The receptor field is enlarged (Kugelberg, 1962) . In the present work this facilitation shows in a decrease in the recruitment threshold of the dorsiflexors of the toes and foot during stimulation of the sural nerve at the ankle.
As for the polysynaptic extension reflexes, Kugelberg (1962) feels that the reflex response of the plantar surface of the foot and heel is inhibited in the pyramidal syndrome. However, electromyographic recordings of the Babinski reflex (Landau and Clare, 1959; Bathien et al., 1970) demonstrate activity in both FHB and EHL. Our results show that the FHB reflex (extensor reflex), as elicited by sural stimulation at the ankle, is not altered with pyramidal damage.
These results suggest an explanation of the Babinski reflex. In the movements of the big toe, the extensor motoneuron is represented by FHB and the flexor motoneuron by EHL. Impulses from group II cutaneous afferents follow a polysynaptic pathway to produce an excitatory effect on extensor (FHB) and flexor (EHL) motoneurons. The end-result is the cutaneous extensor reflex and the short latency reflex response in the flexor muscles. Group III afferents are excitatory for flexor motoneurons and inhibitory for extensor motoneurons. Normally the pyramidal tract exerts a tonic control, the stimulation of cutaneous fibres results in a reflex contraction of the extensors (plantar flexor of the big toe). With pyramidal damage, there is facilitation of the flexion reflex by means of disinhibition. Although the same stimulation evokes reflex discharges in both the extensors and the flexors, dorsiflexion of the big toe is obtained when flexor contraction dominates extensor contraction. This same mechanism for the Babinski reflex has been proposed by Landau and Clare (1959) .
SUMMARY
An electromyographic study of reflex responses elicited by stimulation of a cutaneous nerve of the lower limb was undertaken involving 10 normal subjects and 30 hemiplegic patients. Recordings were made on the following muscles: short head of the femoral biceps (Bi), tibialis anterior (TA), long extensor of the big toe (EHL) and the short flexor of the toes (FHB). In conclusion, electrical stimulation of the sural nerve normally evokes polysynaptic flexion and extensor reflexes, but in the pyramidal syndrome the response pattern only expresses a facilitation of the flexion reflex.
A. Normally
Electrical stimulation of the sural nerve at the ankle evokes polysynaptic discharges in the physiological flexor muscles, as described by Sherrington, and in the plantar flexors of the toes (FHB).
There is a significant difference among the recruitment thresholds of the muscles involved in the flexion reflex: the threshold for Bi is much lower than that for TA and EHL.
The recruitment threshold for the FHB response is even less than Bi. The FHB reflex is non-nociceptive and belongs to the vertebrate extensor reflex system as described by Sherrington et al. (1911) and demonstrated by Engberg (1963) .
B. In Pyramidal Syndrome
The recruitment pattern for flexor responses is different. Although the threshold for the Bi response remains unchanged, the thresholds for TA and EHL are lowered.
The FHB threshold and response remain essentially normal.
C. Therefore, in Pyramidal Syndrome
The facilitation of the flexion reflex is evidenced by a decrease of response thresholds in TA and EHL.
The Babinski sign is the result of the simultaneous but unequal interaction of the non-nociceptive extension reflex and the facilitated (disinhibited) flexion reflex with the effects of the latter predominating.
